Data for: Monte Carlo approach to fuzzy AHP risk analysis in renewable energy construction projects was published in the QDR Main Collection (view at <https://doi.org/10.5064/F6RKKLAD>).

Introduction {#sec001}
============

In some countries, the reduction or disappearance of economic incentives to produce from renewable energy sources has caused a drastic decline in the investment in new projects. However, the maturity of renewable technologies has led to a fall in the costs of the main technological components. This has, in turn, led to a resurgence of the photovoltaic sector, in which activity is focused on the large plants, which, even at current market prices, provide sufficient profitability due to economies of scale. It is important to bear in mind that undertaking a large project entails managing budgets to the value of tens of millions of euros, in addition to considerable administrative complexity. Such large projects are often processed at the level of Central Governments and National Transport Network Operators, which entails slower and more laborious procedures compared with those of local and regional organizations. If a construction project of a large photovoltaic plant is developed without conducting an analysis of the possible risks of the project from an early stage, this could incur considerable losses for the promoter of the company. Various definitions of risk have been proposed in the literature, although perhaps more appropriate for renewable projects is that adopted by Perry and Hayes \[[@pone.0215943.ref001]\] and Chapman and Ward \[[@pone.0215943.ref002]\]. These authors regard risk as 'exposure to the possibility of economic or financial loss or gain, physical damage or injury, or delay, as a consequence of the uncertainty associated with the pursuing a particular course of action\'.

Risk assessment and risk management is a topic that has been widely described and studied in Aven \[[@pone.0215943.ref003]\], where definitions and metrics of risks are analyzed, as well as how to deal with issues such as uncertainty, robustness and resilience. This work focuses on both qualitative and quantitative risk analysis, based on prior risk identification \[[@pone.0215943.ref004]\]. To deal with the vagueness of qualitative data in the early phase of a project, this work develops a risk analysis methodology based on the fuzzy sets theory. The fuzzy sets theory \[[@pone.0215943.ref005]\] establishes a definition of the data using simple language terms such as lower risk, high probability, or moderate impact. From the linguistic terms, and using fuzzy logic, it is possible to implement a mathematical method that allows for the development of the risk analysis process, by removing the subjectivities.

There are several studies on risk assessment using fuzzy sets. For instance, Li and Wang \[[@pone.0215943.ref006]\] established a risk assessment methodology based on fuzzy AHP for PPP projects in China, whilst Alizera et al. \[[@pone.0215943.ref007]\] studied risk probability and risk impact on highway construction projects in Iran using fuzzy ANP. Ferreira and Franklin \[[@pone.0215943.ref008]\] used fuzzy sets for risk assessments in nuclear systems; Xiaojun et al. \[[@pone.0215943.ref009]\] applies fuzzy sets for green product development; Yao-Chen and Shih-Tong \[[@pone.0215943.ref010]\] employed consistent fuzzy preference relations in metropolitan construction projects; and Nieto-Morote and Ruz-Vila \[[@pone.0215943.ref011]\] applied fuzzy sets theory to risk assessment in the rehabilitation project of the Polytechnic University of Cartagena. Studies employing fuzzy logic can also be found in renewable energy research. For instance, Garcet and Volg \[[@pone.0215943.ref012]\] analyzed the risk policy for prioritizing renewable energy projects; Shafiee \[[@pone.0215943.ref013]\] used fuzzy ANP to analyze marine wind park operation risks; Chen \[[@pone.0215943.ref014]\] used fuzzy logic for risk assessment in wind farm construction projects; Liu et al. \[[@pone.0215943.ref015]\] studied risk analysis in photovoltaics integration building projects in China; Jiuping et al. \[[@pone.0215943.ref016]\] applied fuzzy logic in an attempt to minimize costs, deadlines, blockage, and environmental impact in a hydroelectric construction project; and Yan et al. \[[@pone.0215943.ref017]\] identified the biomass gasification system using bow-tie analysis, identifying the causes and consequences of gas leakage.

A combination of fuzzy sets and probabilistic analysis with Monte Carlo simulation has also been employed in numerous studies, such as that of Yu et al. \[[@pone.0215943.ref018]\] in which both of these methods were used to predict peak power and to plan power systems. Wu et al. \[[@pone.0215943.ref019]\] used fuzzy sets to study the likelihood of wind, and Monte Carlo simulation to predict the thermal energy produced by a wind turbine, and Içen and Demirham \[[@pone.0215943.ref020]\] studied the appropriate error measures for the estimation of fuzzy linear regression model parameters using the Monte Carlo method. According to the literature review, the fuzzy AHP is an applicable approach for multi-attribute decision-making process \[[@pone.0215943.ref021]\], and has been used to carry out risk assessments under conditions of uncertainty. Using this method, it is also possible to generate the weights and priorities of risks from the pair-wise comparison matrices of expert judgments \[[@pone.0215943.ref022]\]. Although the weight of expert opinion is an important parameter to consider and has been widely used in previous work \[[@pone.0215943.ref023]\], it is insufficient when a risk assessment method is posed in which, in addition to comparing the influence of risks at each of the hierarchy levels, the probability and impact of the risks in the project framework are assessed individually.

To overcome the limitations of the fuzzy AHP technique, this paper presents a methodology for the qualitative and quantitative analysis of risks, which differs principally from other fuzzy methods of risk analysis. The chief contributions of this work are: 1) it introduces a new parameter known as Confidence level, which allows for variations in the opinions of experts according to their coherence and weighting their judgements regarding impact and probability, 2) it employs a probabilistic analysis of the opinion functions instead of applying the mathematical simplifications used in other methods of fuzzy analysis, which allows for extracting more information from the same data.

This approach provides a smooth application with a rapid and thorough methodology that could be readily used for both qualitative and quantitative risk analyses based on linguistic assessments in the early stages of large-scale renewable construction projects. A risk ranking is then generated, which subsequently forms the basis of a risk response strategy. This paper describes the proposed methodology, providing a step-by-step explanation of how the model can be developed and applied to any type of building project. Finally, the model is applied to a large real-life photovoltaic solar plant project located in Spain, and the results yielded from this field application are then discussed.

Research method {#sec002}
===============

Classic Fuzzy methods for risk analysis share the same general structure \[[@pone.0215943.ref024]\]:

1.  Parameter definition and measurement: this defines the basic parameters, risk probability, and risk impact. The parameter measurement is conducted using linguistic terms and these are converted into fuzzy numbers. If the group of experts has an extensive knowledge of the sector, then they can issue concise opinions using linguistic terms, which subsequently become triangular numbers \[[@pone.0215943.ref025]\].

2.  Fuzzy inference definition: the relationship between the input and output parameters can be defined as relations \"if-then\" or in the form of mathematical functions defined by an appropriate fuzzy arithmetic operator.

3.  Defuzzification: as result of the previous phase, a fuzzy number is obtained, which, at this phase is represented by an exact numerical value.

In the current work, the identified risks are organized according to a hierarchical structure, which allows them to be prioritized based on four fundamental factors: project risk impact, risk probability, risk discrimination (always defined in linguistic terms) and the risk factor function, defined as a distribution function.

As a progression of the classic method, pair-wise risk comparisons are introduced \[[@pone.0215943.ref007], [@pone.0215943.ref011], [@pone.0215943.ref026], [@pone.0215943.ref027], [@pone.0215943.ref028], [@pone.0215943.ref029]\]. On some occasions, experts must give their opinions on areas where their expertise is minimal, and it is therefore necessary to evaluate the consistency of their judgments. This evaluation of consistency has also been referred to in many studies. Bin et al. \[[@pone.0215943.ref030]\], for instance, used the eigen value method to determine the consistency of the matrices, and Monte Carlo simulation to optimize its consistency, whilst Shafiee \[[@pone.0215943.ref013]\] used the Buckley method.

This work presents a risk assessment model that introduces a parameter to evaluate the consistency of expert judgments, allowing for the weighting of opinions regarding risk probability and impact, as well as calculating the weighting coefficients of the experts' discrimination of the risks based on the consistency of their judgments from transitivity laws.

Once the risk functions have been added within each group and incorporated into the risk structure, the final phase uses the proposed method to obtain a ranking of general risk influence on the project framework. A detailed risk analysis allows for an evaluation of the influence of risk on scope, time and/or cost of the project.

One of the main drawbacks of the classical fuzzy sets theory concerns the use of mathematical operations with fuzzy numbers, since operating with triangular or trapezoidal numbers results in a triangular or trapezoidal number, respectively. \@Risk tool is used for probabilistic analysis using Monte Carlo simulation to achieve greater precision in mathematical operations, which allows for working directly with the triangular fuzzy numbers distribution functions.

[S1 Fig](#pone.0215943.s001){ref-type="supplementary-material"} shows a three-phase model based on probabilistic analysis and the fuzzy sets theory. The phases are: risk definition phase, measurement and weighting phase, and fuzzy inference phase.

Risk definition phase {#sec003}
---------------------

### Establish an expert group for risk identification {#sec004}

The selected experts must have a high degree of knowledge and previous experience in similar renewable energy projects \[[@pone.0215943.ref031]\].

The ethics committee that approved the study is the \"Comité de Ética de Investigación con Medicamentos\" of the Human and Health Care Service of the Government of the Region of Castilla-La Mancha. The internal code is 2018/11/129.

The experts were selected from professionals who have collaborated on the processing, design, and construction of photovoltaic solar plants, with the aim of covering as many profiles as possible involved in the development of such plants. A total of 15 experts were recruited with the following profiles:

1.  E1: Developer of photovoltaic solar plants, with a 15 MW portfolio of completed projects

2.  E2: Project Manager, with a portfolio of designed and developed projects exceeding 500 MW worldwide.

3.  E3: CEO of a multinational company with 14 years of experience in the sector and more than 2 GW of developed projects.

4.  E4: Construction Manager of solar photovoltaic plants, with more than 10 years of experience in the sector.

5.  E5: O & M Manager of a multinational company with a portfolio of over 2 GW.

6.  E6: Project Finance manager in a multinational company, with more than 14 years of experience in the promotion and development of photovoltaic solar plants.

7.  E7: Supervisor in the construction of renewable energy projects---both wind and photovoltaic---with 12 years of experience in the sector.

8.  E8: Project Manager, with over 300 MW of developed projects worldwide.

9.  E9: Industrial Engineer and expert in design and construction of energy evacuation infrastructures in photovoltaic solar plants, with more than 30 years experience in the design of electrical infrastructures.

10. E10: Inspector-Verifier of electrical installations, with 4 years of experience in the sector.

11. E11: Professional Project Manager and expert in the construction of large electric power generation infrastructures.

12. E12: Project Manager, with a portfolio of projects exceeding 50 MW, designed and constructed in Spain.

13. E13: Forestry Engineer and Public Administration technician responsible for the environmental evaluation of projects.

14. E14: Project Manager, with a portfolio of projects exceeding 20 MW, designed and constructed in Spain.

15. E15: Construction Manager of solar photovoltaic plants and solar thermal plants, with more than 12 years of experience in the sector.

All the experts confirmed their acceptance and gave their verbal consent to complete the questionnaire. Experts E4, E8 and E14 declined to complete the questionnaire due to lack of time. The other 12 experts are those included in the present study.

### Risk identification and construction of a risk breakdown structure {#sec005}

The risk assessment group is needed to identify and classify the project risks. Tools to facilitate the identification of risks include: Checklist, Influence Diagrams, Cause and Effect Diagrams, Failure Mode and Effect Analysis, Hazard and Operability Study, Fault Trees, and Event Tree \[[@pone.0215943.ref032], [@pone.0215943.ref033], [@pone.0215943.ref034]\].

Based on a general classification of the project risks, such as Political Risks, Technical Risks, Economic Risks, Time Delay Risks, Legal Risks and Social Risks, the risk identification and hierarchical risk structures are constructed in two phases.

In the first phase, the experts were asked to respond to the following question: \"Based on the general classification of risks, identify the possible general conditions that may affect the project for each of them\". We then obtained the second level of the hierarchical risks structure i.e. the risks subgroups.

The second phase focused on the identification of specific risks that arise in the project. The question that the experts were asked in this phase is, \"For each of the risks subgroups that form the hierarchical structure, please identify and describe the risks that may arise in the project".

As a result, a hierarchical risk structure is generated to organize risks in suitable detail, enabling further evaluation to proceed efficiently \[[@pone.0215943.ref030], [@pone.0215943.ref035]\].

Measuring and weighting phase {#sec006}
-----------------------------

### Defining the overall risk factor function {#sec007}

A definition of the overall risk factor function is usually based on two fundamental factors in risk assessment: Risk Impact (RI) and Risk Probability (RP).

Based on the axiom established in Kaplan and Garrick \[[@pone.0215943.ref036]\] in relation to the comparability of the uncertainty, for a complete risk assessment, a third parameter must be considered, known as Risk Discrimination (RD) \[[@pone.0215943.ref037]\].

The risk discrimination parameter is based on the pair-wise risk comparison at the different levels that make up the hierarchical structure.

For each evaluated risk, a risk factor function value is defined using [Eq (1)](#pone.0215943.e001){ref-type="disp-formula"}: $$ORF\mspace{360mu} = \mspace{360mu}\frac{RI}{RDI} \times \frac{RP}{RDP}$$ where *ORF* is the overall risk factor function, *RI* is risk impact, *RP* is risk probability, *RDI* is risk discrimination impact, and *RDP* is risk discrimination probability in the project life cycle.

Defining the linguistic scale and fuzzy numbers {#sec008}
-----------------------------------------------

In projects with great uncertainty, it is difficult to numerically assess the risks due to a lack of accurate information. In these cases, the judgments of the group of experts are collected through linguistic expressions.

According to the fuzzy sets \[[@pone.0215943.ref011], [@pone.0215943.ref038], [@pone.0215943.ref039]\], in a universal set X, a fuzzy subset A of X is defined by a membership function μ~A~ (x), which assigns each element x in X to a real number in the interval \[0, 1\].

Having defined the linguistic terms used, to proceed with their analysis, they must be transformed into fuzzy numbers using an appropriate conversion scale that considers both the concept and the context of the expressions.

According to the research carried out by Zeng et al \[[@pone.0215943.ref026]\], the triangular function is used for the identified risk analysis. For this purpose, and with the aim of being able to carry out a subsequent analysis to determine the coherence of the experts' opinions, scales of five terms were established to determine both the impact and probability of the risks. In addition, a scale of nine terms, symmetrical with respect to the fifth value, was used for the pair-wise comparison between risks. In this way, the opinions of the experts are transversally comparable.

The linguistic terms used, their meaning, and the triangular function assigned are shown in [S2](#pone.0215943.s002){ref-type="supplementary-material"}--[S4](#pone.0215943.s004){ref-type="supplementary-material"} Figs.

### Sending and collecting questionnaires: RI, RP, and RD measures {#sec009}

To gather the expert judgements, questionnaires were sent out by email directly to the addresses provided by the experts.

Having established the hierarchical risks structure, the questionnaire was organized as follows:

1.  General information on the project.

2.  Step-by-step instructions.

3.  Experts' opinions about risk probability.

4.  Experts' opinions about the impact of risk on the project scope.

5.  Experts' opinions about the impact of risk on the project costs.

6.  Experts' opinions about impact of risk on project development/execution time.

Using these questionnaires, the experts can give their opinions using the linguistic terms indicated in [S2](#pone.0215943.s002){ref-type="supplementary-material"}--[S4](#pone.0215943.s004){ref-type="supplementary-material"} Figs. The column matrix Pgm is generated from the questionnaires, from RP opinions with respect to the general project framework (RPim), as shown in [Eq (2)](#pone.0215943.e002){ref-type="disp-formula"}, $$P_{g}^{m}\mspace{360mu} = \mspace{360mu}\begin{bmatrix}
{RP}_{1}^{m} \\
{RP}_{2}^{m} \\
\ldots \\
{RP}_{n}^{m} \\
\end{bmatrix}$$ where *i* is the risk identification number at the lower hierarchy level, *P* is the *RP* matrix of the group *g*, for expert *m*.

To conduct a detailed risk analysis, *RI* opinions are examined on the influence of the risks at Cost (*RI*~*Ci*~^*m*^), at Time (*RI*~*Ti*~^*m*^) and at the project Scope (*RI*~*Si*~^*m*^), generating Impact column matrix *I*~*Cg*~^*m*^, *I*~*Sg*~^*m*^, *I*~*Tg*~^*m*^, according to [Eq (3)](#pone.0215943.e003){ref-type="disp-formula"}, $${I_{C}}_{g}^{m} = \begin{bmatrix}
{RI}_{C1}^{m} \\
{RI}_{C2}^{m} \\
\ldots \\
{RI}_{Cn}^{m} \\
\end{bmatrix};{I_{S}}_{g}^{m} = \begin{bmatrix}
{RI}_{S1}^{m} \\
{RI}_{S2}^{m} \\
\ldots \\
{RI}_{Sn}^{m} \\
\end{bmatrix};{I_{T}}_{g}^{m} = \begin{bmatrix}
{RI}_{T1}^{m} \\
{RI}_{T2}^{m} \\
\ldots \\
{RI}_{Tn}^{m} \\
\end{bmatrix}$$ where *I* is the *RI* matrix over the Cost (*C*), the Scope (*S*) or the Time (*T*) of the group *g*, for the expert *m* and *i* is the risk identification number.

Regarding the opinions about parameter *RD*, the panel of experts provided their comparative judgements between each pair of risks for each one of the hierarchy levels, as well as assessing their probability, along with their impact on cost, time, or the scope of the project. The result is the *nxn* discrimination matrix defined in [Eq (4)](#pone.0215943.e004){ref-type="disp-formula"}, $$E_{gl}^{m} = \begin{bmatrix}
 - & \left( {RD_{12}^{m}} \right) & \ldots & \left( {RD_{1n}^{m}} \right) \\
\left( {RD_{21}^{m}} \right) & - & \ldots & \left( {RD_{2n}^{m}} \right) \\
\ldots & \ldots & \ldots & \ldots \\
\left( {RD_{n1}^{m}} \right) & \left( {RD_{n2}^{m}} \right) & \ldots & - \\
\end{bmatrix}$$ where *E* is the *RD* matrix, *n* is the number of risks that make up the group *g* at the level *l* of the hierarchy, and *m* is the expert identification number in the risk assessment group.

### Confidence level {#sec010}

When experts provide an opinion about *RI* or *RP*, they do so individually for each risk, but they should be consistent with their judgements on the *RD* pair-wise comparison.

To measure the consistency of experts' opinions between *RI* and *RDI*, and between *RP* and *RDP*, a new factor defined as the Confidence Level (*CL*) is introduced.

The linguistic scales for the opinions on *Ri* and *Rp* established in [S2](#pone.0215943.s002){ref-type="supplementary-material"} and [S3](#pone.0215943.s003){ref-type="supplementary-material"} Figs are scales of 5 terms or levels. The First Level corresponds to negligible impact or very low probability, and the Fifth Level corresponds to critical impact or very high probability.

The Linguistic scale for the Opinions about *Rd* Set out in [S4 Fig](#pone.0215943.s004){ref-type="supplementary-material"} is a scale of nine Symmetrical terms with respect to the central term, \"Same\". The difference between the opinion established by the expert with the central term of the scale is defined as a step, so that steps can be obtained from value 0 to ± 4. Thus, it is established that an expert m will be fully in line with their opinions if the absolute difference in levels between the experts' opinions about *RI* or *RP* for a risk *i* and *j* at the same hierarchical risks structure sub-group, is equal to the absolute value of the steps in *RD*, according to Eqs [(5)](#pone.0215943.e005){ref-type="disp-formula"} and [(6)](#pone.0215943.e006){ref-type="disp-formula"}.
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When an expert gives a judgment that is not 100% coherent, this incoherence allows for the qualification and weighting of their opinions. To qualify an expert's opinion, the opinion dispersion module (*DM*) is previously determined as the ratio between the minimum interval *T*, defined as the interval between the likely triangular fuzzy numbers values at the opinion scale, and the product between the minimum *CL* admitted as valid and the maximum number of discriminations between risks in the same group, defined as the *n* risk number which comprises the largest group *g*, less 1.
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Then, the adjusted *RI\** or *RP\** opinion for an expert *m* at the *i* risk is, $${RI}_{i}^{m*} = {RI}_{i}^{m} + \left( {\left( {{LRI}_{i}^{m} - {LRI}_{j}^{m}} \right) - {DSI}_{ij}^{m}} \right) \times DM$$ $${RP}_{i}^{m*} = {RP}_{i}^{m} + \left( {\left( {{LRP}_{i}^{m} - {LRP}_{j}^{m}} \right) - {DSP}_{ij}^{m}} \right) \times DM$$

As an example, if an expert considers that the impact of risk A is Serious (4) and the impact of Risk B in the same group is Minor (2), the levels difference is 2. If the expert is consistent in his discrimination judgements, then Risk A generates a Bit More impact (+ 1) than Risk B (- 1) on the general project framework, and their RD absolute difference is 1, so applying [Eq (5)](#pone.0215943.e005){ref-type="disp-formula"}, the CL is 75%.

Thus, the opinion regarding Risk A is adjusted to the left (- 1xDM) of its original position (Serious), and the opinion of Risk B is adjusted to the right (- 1xDM) of its original position (Minor), as shown in [S5 Fig](#pone.0215943.s005){ref-type="supplementary-material"}.

From the Confidence Level the quality of both the risk definition and description is assessed. To do this, a minimum coherence threshold is set in such a way that if the *CL* is lower than the minimum coherence threshold for at least half of the experts, the risk definition and description is not correct, since it is not logical to suppose that half or more of the experts are not coherent in their risk opinions.

In this case, the risk definition and description must be modified, and the experts should again give their opinions on *RP*, *RI*, and *RD* in all groups and hierarchy levels associated with the redefined risk.

Aggregating an individual fuzzy number into a group: Impact and probability {#sec011}
===========================================================================

For those experts where *CL* is greater than the minimum threshold set, the opinions coefficient is estimated by the weighting of *RI* and *RP* experts using Eqs [(10)](#pone.0215943.e010){ref-type="disp-formula"} and [(11)](#pone.0215943.e011){ref-type="disp-formula"}, $${WRI}_{i}^{m} = \frac{{CL\left( RI \right)}_{i}^{m}}{\sum_{n = 1}^{m}{CL\left( RI \right)}_{i}^{n}}$$ $${WRP}_{i}^{m} = \frac{{CL\left( RP \right)}_{i}^{m}}{\sum_{n = 1}^{m}{CL\left( RP \right)}_{i}^{n}}$$ where *WRI*~*i*~^*m*^ and *WRP*~*i*~^*m*^ are the opinions weighting coefficients of *RI* or *RP*, *CL (RI)* and *CL (RP)* are the Confidence Level calculated with Eqs [(5)](#pone.0215943.e005){ref-type="disp-formula"} and [(6)](#pone.0215943.e006){ref-type="disp-formula"}, respectively, for each risk *i* and expert *m*.

In the case that an expert *CL* is below the minimum threshold established, its weighting coefficient will be zero.

Aggregation of the experts' adjusted opinions is carried out according to Eqs [(12)](#pone.0215943.e012){ref-type="disp-formula"} and [(13)](#pone.0215943.e013){ref-type="disp-formula"}, $${RI}_{i} = {\sum_{n = 1}^{m}{\frac{1}{{WRI}_{i}^{n}} \times {RI}_{i}^{n} = \left( {\frac{1}{{WRI}_{i}^{1}} \times {RI}_{i}^{1} + \frac{1}{{WRI}_{i}^{2}} \times {RI}_{i}^{2} + \cdots + \frac{1}{{WRI}_{i}^{n}} \times {RI}_{i}^{m}} \right)}}$$ $${RP}_{i} = {\sum_{n = 1}^{m}{\frac{1}{{WRP}_{i}^{n}} \times {RP}_{i}^{n} = \left( {\frac{1}{{WRP}_{i}^{1}} \times {RP}_{i}^{1} + \frac{1}{{WRP}_{i}^{2}} \times {RP}_{i}^{2} + \cdots + \frac{1}{{WRP}_{i}^{n}} \times {RP}_{i}^{m}} \right)}}$$ where *i* is each one of the risks in the bottom hierarchy level, and *m* is the expert identification number in the risk assessment group.

Measuring the RD parameter {#sec012}
--------------------------

Recently, various authors have used pair-wise comparison in their research \[[@pone.0215943.ref006], [@pone.0215943.ref009], [@pone.0215943.ref030], [@pone.0215943.ref035], [@pone.0215943.ref040]\].

In the present work, the evaluation group members discriminate between pairs of risks---in terms of both impact and probability---in the same *g* group for each one of the *l* levels at the hierarchical structure.

Linguistic expressions collected through questionnaires are converted into their corresponding triangular fuzzy numbers, as shown in [S4 Fig](#pone.0215943.s004){ref-type="supplementary-material"}. For each one of the experts, the *E* comparison matrix is obtained for each *g* group at *l* level in the hierarchy according to [Eq (4)](#pone.0215943.e004){ref-type="disp-formula"}.

Transitivity \[[@pone.0215943.ref041], [@pone.0215943.ref042], [@pone.0215943.ref043]\] is the generally accepted property for dealing with the consistency of fuzzy preference relations. It represents the idea that the preference value obtained by direct comparison of two alternatives would be equal to or greater than the preference value obtained by using an indirect chain.

Application of the transitivity laws is carried out for each one of the possible combinations, calculated according to the following expression, $$C_{m,n}\mspace{360mu} = \mspace{360mu}\frac{m!}{m! \times \left( {m! - n!} \right)}$$ where *m* are the risk numbers in the group and *n* is the comparison order, whose value in the case of transitivity laws is 3. For groups with two risks, it is assumed that experts will not show inconsistency in their opinions.

For the purposes of this work, Weak Transitivity is considered the minimum consistency threshold that must be reached. If an expert's opinion does not satisfy the Weak Transitivity criterion, their opinion will be eliminated. In turn, additive transitivity is the optimal point to achieve. For each one of the possible combinations, where a value is obtained that is closer to *3xs*~*0*,~ then the more symmetrical the experts opinions. But there is also an additive transitivity application maximum value, which is defined as maximum interval (*MI*), resulting from the consistent combination of the extreme opinions linguistic scale. If the result of applying the additive transitivity law is greater than *MI*, the expert must revise their discriminatory judgements at all levels in the hierarchical structure affected by the pair-wise risks.

Before adding the opinions of the experts, the values can be weighted from the distance between the result obtained from applying the additive transitivity law and its ideal value *3xs*~*0*~.

The weighting of opinions based on the distance to an ideal value has been applied in previous studies \[[@pone.0215943.ref044], [@pone.0215943.ref045]\].

If the obtained value from applying the additive transitivity law to an m expert over the r~i~ and *r*~*j*~ risks is lower than the *MI*, the expert's opinion can be weighted according to the distance between that value to the ideal *3xs*~*0*~ by using the following expression: $${WRD}_{ij}^{m} = \frac{{DW}_{ij}^{m}}{\sum_{n = 1}^{m}{DW}_{ij}^{n}} = \frac{\left( {\frac{MI}{2} - \left( {{Max}/{{MinATL}_{ij} - 3 \times s_{0}}} \right)_{ij}^{m}} \right)}{\sum_{n = 1}^{m}\left( {\frac{MI}{2} - \left( {{Max}/{{MinATL}_{ij} - 3 \times s_{0}}} \right)_{ij}^{n}} \right)}$$ where *WRD*~*ij*~^*m*^ is the weight for an *m* expert on the comparison between *r*~*i*~ and *r*~*j*~ risks, *DW*~*ij*~^*m*^ is the distance-weighted regarding the *MI* between the farthest from applying the additive transitivity law, *Max/MinATL*~*ij*~, and ideal value *3xs*~*0*~. If the result of applying the additive transitivity law is greater than *MI*, the expert's weight in this pair-wise comparison of risks will be zero.

Having fixed the expert's weights, the fuzzy numbers comparative is aggregated into a fuzzy number according to [Eq (16)](#pone.0215943.e016){ref-type="disp-formula"}, $${RD}_{ij} = {\sum_{n = 1}^{m}{\frac{1}{{WRD}_{ij}^{n}} \times {RD}_{ij}^{n} = \left( {\frac{1}{{WRD}_{ij}^{1}} \times {RD}_{ij}^{1} + \frac{1}{{WRD}_{ij}^{2}} \times {RD}_{ij}^{2} + \cdots + \frac{1}{{WRD}_{ij}^{n}} \times {RD}_{ij}^{m}} \right)}}$$ where *i* and *j* are the risks of the *g* group at the *l* level hierarchy and *m* is the number of experts in the risk assessment group.

To operate mathematically with the risk discrimination, it is necessary to transform the square matrix *E* obtained using [Eq (3)](#pone.0215943.e003){ref-type="disp-formula"} into a column matrix using the following expression \[[@pone.0215943.ref009], [@pone.0215943.ref046]\]: $$D_{i}\mspace{360mu} = \mspace{360mu}\left( {{RD}_{i1} \times {RD}_{i2} \times \ldots \times {RD}_{in}} \right)^{\frac{1}{n}}$$

Assuming that the *r*~*i*~ risk has over t groups at distinct levels in the hierarchical risk structure, and *D*~*gi*~ is the *D-value* of the *g*^*er*^ top group containing the risk *r*~*i*~ in the hierarchy, the *RD* aggregated value for each *r*~*i*~ risk is calculated according to: $${RD}_{i}\mspace{360mu} = \mspace{360mu} D_{i} \times {\prod_{g\mspace{360mu} = \mspace{360mu} 1}^{t}D_{gi}}$$ where *i* is the risks in the bottom hierarchy level.

Fuzzy inference phase {#sec013}
---------------------

### Estimating ORF and integration {#sec014}

In the final deduction step, risk analysts turn the aggregate distribution functions of *RI*, *RDI*, *RP*, and *RDP* into a distribution function that represents the risk factor for each *r*~*i*~ risk.

Based on the risk impact analysis on the Scope (*S*), Cost (*C*) and project Time (*T*), this determines the risk factor for the Scope, Cost, and/or on Time for each *r*~*i*~ risk, according to [Eq (19)](#pone.0215943.e019){ref-type="disp-formula"}: $${ORF}_{Si} = \frac{{RI}_{Si}}{{RDI}_{Si}} \times \frac{{RP}_{i}}{{RDP}_{I}};\mspace{360mu}{ORF}_{Ci} = \frac{{RI}_{Ci}}{{RDI}_{Ci}} \times \frac{{RP}_{i}}{{RDP}_{I}};\mspace{360mu}{ORF}_{Ti} = \frac{{RI}_{Ti}}{{RDI}_{Ti}} \times \frac{{RP}_{i}}{{RDP}_{I}}$$

[Eq (20)](#pone.0215943.e020){ref-type="disp-formula"} is used to obtain the overall risk factor, whose result is a distribution function that represents the global risk factor for each identified *r*~*i*~ risk, as shown in [S6 Fig](#pone.0215943.s006){ref-type="supplementary-material"}.
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### Risk ranking {#sec015}

The final risk ranking is the result of choosing the characteristic distribution function parameter, obtained upon calculating the global risk factor. Working with distribution functions the ranking is based on well Mean, well Mode, and studying their variations. [S7 Fig](#pone.0215943.s007){ref-type="supplementary-material"} shows a typical Mode Risk Ranking.

Case study of a renewable energy construction project {#sec016}
=====================================================

To study and apply the proposed risk assessment methodology, we have chosen as a case study a 250 MW photovoltaic plant project located in the village of Jumilla, in the Region of Murcia (Southeast of Spain). This project is in the early phase of study and initial administrative treatment. Given the plant size and the project budget, initially estimated at 250 million euros, the application of a risk assessment methodology is essential from the very beginning of the project, since it allows for identifying the key risks and setting the risk response strategy. The project area is close to 600 Ha, with 1 million polycrystalline photovoltaic panels over fixed structure, whose energy will be channeled into central power inverters 1MVA.

The power inverters output will rise to 30 KV through 250 transformation stations, being connected with the 250 MVA park transformer sub-station and 132 kV output voltage. Finally, the installation will connect a 12 km, 132 kV evacuation line to the connection point with the REE distribution sub-station.

It is clear from the brief description above that both the technical and administrative complexity of the project is very high, and it occupies an extensive space that has a significant social, economic, administrative, and environmental impact on the surrounding area, thus generating project risks. In addition, many risks can affect its development such as network quality and lack of resources.

Establishment of the risk assessment group {#sec017}
------------------------------------------

To apply the proposed methodology, a risk assessment group is established, which is composed of twelve experts with extensive experience in photovoltaic construction projects.

Identifying sources of risk and building the risk breakdown structure {#sec018}
---------------------------------------------------------------------

The risk identification and the risk breakdown structure constitute part of the work conducted by Serrano and Muñoz \[[@pone.0215943.ref004]\], completed with several methods of risk identification available in the risk literature \[[@pone.0215943.ref027], [@pone.0215943.ref047], [@pone.0215943.ref048], [@pone.0215943.ref049]\].

Sending and collecting questionnaires {#sec019}
-------------------------------------

Having identified ([Table 1](#pone.0215943.t001){ref-type="table"}) and structured the risks associated with the project ([S8 Fig](#pone.0215943.s008){ref-type="supplementary-material"}), questionnaires were produced in which experts expressed their opinions concerning the impact of the risk on the Scope, Cost, and Time of the project, as well as the probability of each one of the 55 identified risks occurring, as shown in [Table 2](#pone.0215943.t002){ref-type="table"}, according to [S2](#pone.0215943.s002){ref-type="supplementary-material"}--[S4](#pone.0215943.s004){ref-type="supplementary-material"} Figs.

10.1371/journal.pone.0215943.t001

###### Third level at RBS: Project risks identified.
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  RISK LIST                                                                 
  ------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------
  1.1.1.- Level of political stability                                      3.4.1.- Costs due to inadequate PV cell selection
  1.1.2.- The change in energy policy                                       3.4.2.- Costs due to inadequate inverter selection
  1.2.1.- Approval by the Local Body                                        3.4.3.- Costs due to lack of consistency in the selection of support panels.
  1.2.2.- Obtaining the construction license                                3.5.1.- Bank financing
  2.1.1.- Technological climate change adequacy                             3.5.2.- Changes in power demand
  2.1.2.- Flood and storm risks                                             3.5.3.- Inflation
  2.1.3.- Estimation of effective solar radiation                           3.5.4.- Changes in energy prices
  2.1.4.- Earthworks                                                        4.1.1.- Delays in obtaining administrative approval for the connection infrastructure
  2.1.5.- Geotechnical study                                                4.1.2.- Construction delays of the power connection infrastructure
  2.2.1.- New PV solar power systems                                        4.1.3.- Delays in obtaining PV plant Start-up Act.
  2.2.2.- PV cell selection                                                 4.1.4.- Delays in the agreement signature with REE and CNMC
  2.2.3.- Inverters selection                                               4.2.1.- Delays in obtaining the Local Body Approval.
  2.2.4.- Selection of support panel structure                              4.2.2.- Delays in obtaining approval of the environmental impact.
  2.2.5.- Connection to the electric grid                                   4.2.3.- Delays in obtaining the construction license
  2.2.6.- Alternative power generation systems                              5.1.1.- Specific legislation changes
  3.1.1.- Plant operation cost                                              5.1.2.- General legislation changes
  3.1.2.- Corrective maintenance costs                                      5.2.1.- Legislative changes in the Administrative Authorization of the power connection infrastructure
  3.1.3.- Prevention of maintenance costs                                   5.2.2.- Legislative changes in the Startup Act permits.
  3.1.4.- Performance losses                                                5.2.3.- Obtaining the electrical registration for production facilities
  3.2.1.- Errors in estimating the effective solar radiation energy         5.3.1.- Legislative changes in the Local Body Approval
  3.2.2.- Revenue estimation due to the climate change                      5.3.2.- Legistaltive changes in the Enviromental Impact Approval.
  3.2.3.- Earthworks resources                                              5.3.3.- Legislative changes in the Construction License
  3.2.4.- Flood prevention works                                            6.1.1.- Theft
  3.2.5.- Solution of geotechnical problems                                 6.1.2.- Vandalism
  3.3.1.- Connection to electric grid costs                                 6.1.3.- Terrorism
  3.3.2.- Agreement costs with landowners                                   6.2.1.- Social consequences resulting from land acquisition
  3.3.3.- Possibility of constructing the power connection infrastructure   6.2.2.- Social acceptance
  3.3.4.- Construction license                                              

10.1371/journal.pone.0215943.t002

###### *RI* and *RP* expert opinions: Sub-group 'Plant Location'.
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  ---------------------------------------------------------------------------
  RISK     Risk Impact      Risk Probability                    
  -------- ---------------- ------------------ ---------------- -------------
  2.1.1.   Minor\           Moderate\          Negligible\      Very Low\
           (0,1;0,25;0,4)   (0,3;0,5;0,7)      (0;0,1;0,2)      (0;0;0,1)

  2.1.2.   Negligible\      Serious\           Moderate\        High\
           (0;0,1;0,2)      (0,6;0,75;0,9)     (0,3;0,5;0,7)    (0,7;0,9;1)

  2.1.3.   Serious\         Critical\          Minor\           Low\
           (0,6;0,75;0,9)   (0,8;0,9;1)        (0,1;0,25;0,4)   (0;0,1;0,3)

  2.1.4.   Negligible\      Moderate\          Serious\         Low\
           (0;0,1;0,2)      (0,3;0,5;0,7)      (0,6;0,75;0,9)   (0;0,1;0,3)

  2.1.5.   Minor\           Serious\           Critical\        Low\
           (0,1;0,25;0,4)   (0,6;0,75;0,9)     (0,8;0,9;1)      (0;0,1;0,3)
  ---------------------------------------------------------------------------

Triangular fuzzy numbers are entered into the \@Risk tool as triangular distribution functions for further analysis through Monte Carlo simulation \[[@pone.0215943.ref050]\].

As in the previous case, the experts must also discriminate between risks by means of a pair-wise comparison at the three hierarchy levels, in terms of the impact of risk on the scope, cost, and project time, as well as on the risk probability, as shown in [Table 3](#pone.0215943.t003){ref-type="table"}.

10.1371/journal.pone.0215943.t003

###### *RD* expert's response to the questionnaire regarding impact on Scope: Sub-group 'Plant Location'.
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  -------- --------------------------- --------------------------- ---------------------------- --------------------------- ----------------------------
  2.1.     2.1.1.                      2.1.2.                      2.1.3.                       2.1.4.                      2.1.5.
  2.1.1.   \-                          More (0,125;0,25;0,375)     Bit less (0,5;0,625;0,75)    More (0,125;0,25;0,375)     Much more (0;0,125;0,25)
  2.1.2.   Less (0,625;0,75;0,875)     \-                          Much less (0,75;0,875;1)     Same (0,375;0,5;0,625)      Bit more (0,25;0,375;0,5)
  2.1.3.   Bit more (0,25;0,375;0,5)   Much more (0;0,125;0,25)    \-                           Much more (0;0,125;0,25)    Very Much more (0;0;0,125)
  2.1.4.   Less (0,625;0,75;0,875)     Same (0,375;0,5;0,625)      Much less (0,75;0,875;1)     \-                          Bit more (0,25;0,375;0,5)
  2.1.5.   Much less (0,75;0,875;1)    Bit less (0,5;0,625;0,75)   Very Much less (0,875;1;1)   Bit less (0,5;0,625;0,75)   \-
  -------- --------------------------- --------------------------- ---------------------------- --------------------------- ----------------------------

In the literature, there are several studies concerned with discrimination between risks, but these always focus on the impact of the risk on the overall project framework. However, discriminating risks in terms of their impact on Scope, Cost, and Project Time along with their probability is a key contribution that allows for a more extensive and exhaustive risk analysis.

Data treatment {#sec020}
--------------

Once the questionnaires have been compiled, these are introduced in the model, and the Confidence Level is calculated using Eqs [(5)](#pone.0215943.e005){ref-type="disp-formula"} and [(6)](#pone.0215943.e006){ref-type="disp-formula"}. CL allows for an evaluation of the coherence of the opinions given by the experts. In addition to structuring and describing the risks, the opinions are adjusted according to Eqs [(8)](#pone.0215943.e008){ref-type="disp-formula"} and [(9)](#pone.0215943.e009){ref-type="disp-formula"}, weighting their assessment judgements over the risk impact and risk probability of the 55 identified risks using Eqs [(10)](#pone.0215943.e010){ref-type="disp-formula"}--[(13)](#pone.0215943.e013){ref-type="disp-formula"}.

Aggregation of the experts adjusted opinions was carried out as a weighted sum according to Eqs [(12)](#pone.0215943.e012){ref-type="disp-formula"} and [(13)](#pone.0215943.e013){ref-type="disp-formula"}, where the weights are determined from the *CL* according to Eqs [(10)](#pone.0215943.e010){ref-type="disp-formula"} and [(11)](#pone.0215943.e011){ref-type="disp-formula"}.

The aggregated results for Risk 2.1.2 form a normal distribution, as can be seen in [Table 4](#pone.0215943.t004){ref-type="table"}.

10.1371/journal.pone.0215943.t004

###### Risk Impact on Scope: Aggregation for 'Flood and storm risks'.
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  RISK                     EXPERT               RIC Measure   CL (%)             RIC\* Measure      WEIGHTS
  ------------------------ -------------------- ------------- ------------------ ------------------ ---------
  2.1.2.                   E1                   (0;0,1;0,2)   75                 (0,01;0,11;0,21)   0,111
  E2                       (0,3;0,5;0,7)        50            (0,24;0,44;0,64)   0,074              
  E3                       (0,6;0,75;0,9)       75            (0,63;0,78;0,93)   0,111              
  E4                       (0,3;0,5;0,7)        75            (0,27;0,47;0,67)   0,111              
  E5                       (0,1;0,25;0,4)       50            (0,14;0,29;0,44)   0,074              
  E6                       (0,1;0,25;0,4)       50            (0,15;0,3;0,45)    0,074              
  E7                       (0,3;0,5;0,7)        50            (0,35;0,55;0,75)   0,074              
  E8                       (0,3;0,5;0,7)        75            (0,33;0,53;0,73)   0,111              
  E9                       (0,3;0,5;0,7)        50            (0,26;0,46;0,66)   0,074              
  E10                      (0,3;0,5;0,7)        75            (0,33;0,53;0,73)   0,111              
  E11                      (0,1;0,25;0,4)       0             (0;0;0)            0,000              
  E12                      (0,6;0,75;0,9)       50            (0,66;0,81;0,96)   0,074              
  Final Measure to 2.1.2   Normal (0,48;0,02)                                                       

According to [Table 4](#pone.0215943.t004){ref-type="table"}, Expert 11 has not been coherent in their opinions, and so this was excluded from the risk aggregation \' Flood and storm risks\'. [S9 Fig](#pone.0215943.s009){ref-type="supplementary-material"} shows the opinion distribution function adjusted for some experts regarding the language scale distribution functions.

Transitivity laws were applied to the pair-wise comparison opinions collected on risk discrimination, to check for consistency. From the scalar value retrieved in the additive transitivity law application according to [Eq (15)](#pone.0215943.e015){ref-type="disp-formula"}, the judgements of the experts are critically examined at the three hierarchy levels using [Eq (16)](#pone.0215943.e016){ref-type="disp-formula"}, and the *D* local value is determined using [Eq (17)](#pone.0215943.e017){ref-type="disp-formula"}.

Application of the model has shown that experts have a Confidence Level that did not require modification of the risk description, with a maximum of five incoherent experts on risk probability for Risks 3.2.1 and 3.2.2.

[Table 5](#pone.0215943.t005){ref-type="table"} shows a hierarchical risk discrimination aggregation on the Impact on Scope for technological risks, as a result of applying [Eq (18)](#pone.0215943.e018){ref-type="disp-formula"}. Once the data have been added, local *ORF* parameters on the Scope, Cost, and project Time are estimated according to [Eq (19)](#pone.0215943.e019){ref-type="disp-formula"} as well as the global *ORF* using [Eq (20)](#pone.0215943.e020){ref-type="disp-formula"} as shown in [Table 6](#pone.0215943.t006){ref-type="table"}.

10.1371/journal.pone.0215943.t005

###### *RDIS* hierarchy aggregation: Technological risks.
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  --------------------------------------------------------------------------------------------------------------------------------------------------------
  GROUP    DIS\                      SUB-GROUP                 DIS\                      RISK          DIS\                      RDIS Aggregated
           1^st^ Level                                         2^nd^ Level                             3^rd^ Level               
  -------- ------------------------- ------------------------- ------------------------- ------------- ------------------------- -------------------------
  2.-      Normal\                   2.1.                      Beta General\             2.1.1.        Weibull\                  Weibull\
           (0,55;0,02)                                         (3,97;3,33;0,42;0,58)                   (3,58;0,07;Shift(0,43))   (3,26;0,05;Shift(0,10))

  2.1.2.   Beta General\             Weibull\                                                                                    
           (6,36;5,99;0,45;0,58)     (3,38;0,05;Shift(0,10))                                                                     

  2.1.3.   Normal\                   Weibull\                                                                                    
           (0,36;0,02)               (3,33;0,04;Shift(0,07))                                                                     

  2.1.4.   Weibull\                  Beta General\                                                                               
           (4,30;0,06;Shift(0,49))   (6,02;6,29;0,10;0,20)                                                                       

  2.1.5.   Weibull\                  Weibull\                                                                                    
           (4,00;0,06;Shift(0,45))   (3,57;0,05;Shift(0,10))                                                                     

  2.2.     Beta General\             2.2.1.                    Weibull\                  Normal\                                 
           (4,69;3,99;0,39;0,55)                               (7,42;0,12;Shift(0,35))   (0,12;0,01)                             

  2.2.2.   Normal\                   Weibull\                                                                                    
           (0,43;0,02)               (3,39;0,04;Shift(0,08))                                                                     

  2.2.3.   Weibull\                  Weibull\                                                                                    
           (3,97;0,06;Shift(0,38))   (3,36;0,04;Shift(0,08))                                                                     

  2.2.4.   Weibull\                  Weibull\                                                                                    
           (4,11;0,07;Shift(0,51))   (3,47;0,05;Shift(0,10))                                                                     

  2.2.5.   Normal\                   Weibull\                                                                                    
           (0,52;0,04)               (3,44;0,05;\                                                                                
                                     Shift(0,10)                                                                                 

  2.2.6.   Weibull\                  Normal\                                                                                     
           (7,06;0,14;Shift(0,40))   (0,14;0,01)                                                                                 
  --------------------------------------------------------------------------------------------------------------------------------------------------------

10.1371/journal.pone.0215943.t006

###### Estimate ORF: Plant location.
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  ---------------------------------------------------------------------------------------------------------------------------
  RISK     ORFS                       ORFC                       ORFT                         ORF
  -------- -------------------------- -------------------------- ---------------------------- -------------------------------
  2.1.1.   Invgauss\                  Lognorm\                   Gamma\                       Invgauss\
           (7,31;87,71;Shift(1,74))   (5,54;1,53;Shift(1,26))    (6,71;0,55;Shift(2,50))      (58,24;244,67;Shift(4,69))

  2.1.2.   Gamma\                     Gamma\                     Invgauss\                    Invgauss\
           (5,53;1,43;Shift(6,95))    (5,21;1,94;Shift(9,55))    (12,87;127,43;Shift(4,65))   (245,34;913,71;Shift(29,32))

  2.1.3.   Gamma\                     Gamma\                     Gamma\                       Invgauss\
           (5,49;2,60;Shift(12,30))   (4,63;3,03;Shift(13,83))   (5,99;1,04;Shift(4,99))      (544,80;2028,92;Shift(64,71))

  2.1.4.   Gamma\                     Gamma\                     Gamma\                       Gamma\
           (5,77;0,68;Shift(3,44))    (4,67;1,02;Shift(4,90))    (5,18;1,23;Shift(5,82))      (2,38;36,58;Shift(39,44))

  2.1.5.   Gamma\                     Gamma\                     Gamma\                       Invgauss\
           (5,17;1,43;Shift(7,56))    (5,08;1,43;Shift(7,40))    (5,24;1,97;Shift(9,96))      (321,99;1245,72;Shift(49,12))
  ---------------------------------------------------------------------------------------------------------------------------

Risk ranking {#sec021}
------------

Assessing differential risk impact on the Scope, Cost, or project Time is an important contribution, since previous studies have only evaluated the impact of risk on the general project framework. As a result of applying the model to the case study, we have obtained a risk ranking that allows us to plan the general risk response to the Scope, Cost, and Time.

Results and discussion {#sec022}
======================

A comprehensive risk analysis method such as the one presented in this paper is critical for adequate risk response planning. To obtain a risk ranking, working directly with distribution functions, the Mode value is chosen as the most frequent value, which is equivalent to the centroid method employed in the classic fuzzy methodology.

Based on the ranking results within the general framework project ([S10 Fig](#pone.0215943.s010){ref-type="supplementary-material"}) it will be necessary to focus the efforts of the project management team towards the risks 'Bank financing', 'Changes in energy prices', 'Specific legislation changes', 'The change in energy policy', 'Delays in obtaining the construction license'. Of the ten most influential risks in the general framework of the project, the majority are those due to delays. Therefore, in order to ensure the future success of the project, the risk management team should focus its efforts on controlling project deadlines, whilst not forgetting bank financing and possible changes in the electricity market price.

In order to compare the operation of the proposed model, the risk ranking has been determined using the classical fuzzy methodology, resulting in the ranking shown in [S11 Fig](#pone.0215943.s011){ref-type="supplementary-material"}.

As can be seen, the first 4 risks of the ranking agree, although not in terms of their order of influence over the general framework of the project. The variations in ranking positions imply the need for a different response when planning against their impact on the success of the project. According to the classic methodology, 'Bank financing', 'Changes in energy prices' and 'Time delays risks' are still fundamental, but 'Agreement with the land owners' would go from being a priority risk to being in sixth place in the proposed method, and would go from being a secondary risk to being ranked eleventh in accordance with the classical methodology. These differences are presented in a generalized manner throughout the risk ranking.

The proposed method allows for a specific analysis of the influence of the risks identified in the construction projects of photovoltaic plants with respect to their influence on scope, costs, and deadlines.

Analyzing the importance of the risks in terms of project Scope, the main risks worthy of attention are 'Specific legislation changes', 'Bank financing', 'Changes in energy prices', 'The change in energy policy', 'Construction delays of the power connection infrastructure'. Among the first ten risks, in this case, the economic risks have greater influence than the risks due to delays, and the risk of theft appears in seventh place in the ranking.

As far as costs are concerned, the most important risks are 'Changes in energy prices', 'Bank financing', 'Agreement cost with land-owners', 'Theft', 'Specific legislation changes'. As with the case of scope, the most important risks in terms of costs are, logically, the economic risks. In this case, the risk of theft is ranked in fourth place and risks due to delays have less influence on the costs of the project.

Finally, the greatest risks for project Time are 'Bank financing', 'Delays in obtaining the construction license', \`Delays in obtaining approval of the environmental impact', 'The change in energy policy', 'Construction delays of the power connection infrastructure'. Logically, from the point of view of the project term, the most important risks are those related to delays.

Conclusions {#sec023}
===========

This paper presents a new methodology for risk analysis that is both qualitative and quantitative, based on probabilistic analysis, detailed risk definitions, and expert opinion. Unlike the classic fuzzy sets methodology that works with triangular numbers that are eventually simplified, this work uses whole probabilistic functions and Monte Carlo simulation to obtain more complete results for the same database, thus allowing for a better analysis. The main points to note are as follows:

-   This new approach introduces a new parameter in risk analysis, known as 'Confidence Level'. This new parameter analyses the linguistic aspects of expert opinion, varying the answers according to their coherence and weighting their judgements regarding impact and probability.

-   From the 'Confidence Level' parameter we can evaluate the quality of the risk descriptions, since if at least half of the experts do not show coherence this indicates that the risk description is incorrect and therefore must be redefined, and experts should again express their opinions on all the levels associated with the redefined risk.

-   The proposed methodology examines the application of transitivity laws, which not only serve to determine the consistency of the experts' opinions regarding discrimination between risks, but also weights the consistency of their judgments.

-   To obtain the ranking that allows for planning the risk response, the distribution function Mode value is used, which is equivalent to the centroid method used in the classical methodology.

A case study of a real renewable energy project---a 250 MW Photovoltaic Plant located in Spain---was used to test the model. When compared with the classical fuzzy sets, the PFSAHP results in a more efficient method for both qualitative and quantitative risk analyses based on linguistic assessments in the early stages of large-scale renewable energy construction projects.

-   The new application is smooth and agile application, with a rapid and thorough methodology that could be readily transferred to the analysis of other construction projects for obtaining a risk ranking from which to plan a risk response strategy.

-   From the point of view of the general framework of the project, the most important risks are obtaining bank financing, changes in energy prices in the electricity market, changes in sector-specific legislation, changes in the energy policy introduced by the government of the country, and delays in obtaining the works license.

-   A specific analysis of the influence of risks from the point of view of scope, cost and time frame has been carried out, allowing us to draw the following conclusions: Scope: Economic risks have a greater influence than risks from delays. The risk of theft must be taken into account when having greater influence on the scope.Cost: Since economic risks are those that have the strongest influence on cost, the risk of theft is a significant risk.Time: Along with bank financing and changes in sector-specific legislation, the most important risks are those related to delays.
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